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Abs t rac t  - An i d e a l  f i r e  warning a larm system f o r  
underground mines would be low cos t ,  convenient,  f a s t ,  
re1  i a b l e ,  and able t o  warn a l l  underground workers. 
Present warning systems, such as phones, messengers, 
and stench, f a i l  one o r  more o f  these c r i t e r i a .  The 
U.S. Bureau o f  Mines may have devised t h e  i d e a l  
system. The one way communication system employs a 
l a r g e  loop  antenna and t r a n s m i t t e r  t o  c rea te  a 630 
h e r t z  (Hz) e lect romagnet ic  f i e l d  t o  send i n f o r m a t i o n  
th rough- the-ear th  t o  cap lamp b a t t e r y  mounted mic ro -  
r e c e i v e r s  worn by underground miners. F i e l d  t e s t s  o f  
p ro to type  equipment i n  1986 r e s u l t e d  i n  through- the-  
rock  s igna l  t ransmiss ion o f  over 762 m (2500 f t ) .  
Subsequent hardware upgrades f o r  more recen t  t e s t s  
r e s u l t e d  i n  t ransmiss ions o f  over one mi le .  
Recent ly  developed r e c e i v e r  c i r c u i t r y  employs phase- 
locked- loop  d e t e c t i o n  c i r c u i t r y  responsive o n l y  t o  a 
s p e c i f i c  se r ies  o f  pu lses o f  g i ven  t ime dura t ion ,  t h a t  
e l i m i n a t e s  f a l s e  alarms from elect romagnet ic  no ise  
emi t ted  by mine equipment, power l i n e s ,  o r  l i g h t n i n g .  
A mul t ichannel  system can r e l a y  standard messages t o  
miners . 
I. INTRODUCTION 
The i d e a l  f i r e  warning system f o r  underground mines 
would be capable o f  i n s t a n t l y  warning a l l  miners o f  an 
emergency regard less o f  t h e i r  l o c a t i o n  i n  t h e  mine. A 
f i r e  warning system t h a t  i s  capable o f  a l e r t i n g  t h e  
miners q u i c k l y  would a l l o w  them t o  don s e l f  rescue 
b r e a t h i n g  apparatus [l] f o r  p r o t e c t i o n  aga ins t  t o x i c  
f i r e  gases and save prec ious t ime needed f o r  a 
successful escape from the  mine f i r e  [2 ] .  The i d e a l  
f i r e  warning system would a l s o  have low i n s t a l l a t i o n  
and maintenance costs ,  be r e l i a b l e ,  ab le  t o  w i ths tand  
rough t reatment ,  and t o l e r a t e  the  harsh mine env i ron-  
ment. 
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The most commonly used f i r e  warning system i n  
underground metal and nonmetal mines i s  t h e  stench 
system [4-51. It employs t h e  i n j e c t i o n  o f  a stench 
i n t o  the  v e n t i l a t i o n  system o r  compressed a i r  l i n e s  
f o r  c a r r y i n g  t h e  f i r e  warning s igna l  t o  the  
underground miner. However, i n  h igh  back room and 
p i l l a r  mines where a i r  movement can be slow, t h e  t ime 
r e q u i r e d  f o r  t h e  stench warning t o  reach miners can be 
excessive. E x i s t i n g  f i r e  warning systems have n o t  
been u n i v e r s a l l y  ab le  t o  p rov ide  f u l l  mine coverage 
f o r  a l l  underground miners. A p r o p e r l y  designed 
e lect romagnet ic  f i r e  warning system would p rov ide  t h e  
f i r e  warning i n s t a n t l y  and s imul taneously  t o  a l l  
miners regard less o f  t h e i r  l o c a t i o n  i n  t h e  mine. 
11. ELECTROMAGNETIC FIRE ALARM WARNING SYSTEM 
The e lect romagnet ic  f i r e  warning system descr ibed i n  
t h i s  paper combines the  t ransmiss ion and r e c e p t i o n  o f  
u l t r a - l o w  frequency e lect romagnet ic  th rough- the-ear th  
f i e l d s  as a means o f  sending a f i r e  warning s igna l  t o  
underground miners [6].  The e lect romagnet ic  f i e l d  
generated by t h e  100 meter diameter loop  antenna 
toge ther  w i t h  i t s  accompanying e l e c t r i c  f i e l d  i s  t h e  
means o f  s i g n a l  t ransmiss ion.  The f i e l d s  emanate from 
t h e  t r a n s m i t t i n g  antenna i n  a somewhat spher i ca l  
manner, w h i l e  t h e  f i e l d  along the  antenna a x i s  can be 
approximated by t h e  f o l l o w i n g  equat ion [7-81. 
where H = t h e  magnetic f i e l d  s t rength,  A/m 
I = the  antenna c u r r e n t ,  A, 
M = the  number o f  tu rns ,  
A = t h e  area o f  the antenna, m2, 
G = an a t t e n u a t i o n  constant ,  
n = t h e  constant  3.14 ( p i ) ,  and 
Z = d is tance  through t h e  t r a n s m i t t i n g  medium, m. 
C u r r e n t l y  used underground mine f i r e  warning systems The t r a n s m i t t e r  system cons is ts  o f  a low frequency 
such as telephones, u l t r a  h i g h  frequency (UHF) and audio s igna l  generator  opera t ing  a t  630 Hz coupled 
medium frequency (MF) r a d i o ,  v i s u a l  o r  aud ib le  alarms w i t h  a h igh  power audio a m p l i f i e r  ( f i g .  1) which 
o r  t h e  most commonly used "stench" system a l l  have 
t h e i r  1 i m i t a t i o n s  and shortcomings. - 
Telephones are commonly used i n  coal  mines where t h e  
miners a re  c l o s e l y  grouped a t  the  working face  and n o t  
d ispersed as they o f t e n  are i n  metal o r  nonmetal 
mines. The no ise  o f  a r i n g i n g  telephone o r  o ther  
aud ib le  a larm can be masked by the  no isy  mine 
environment, o r  i t s  r i n g  becomes so f a m i l i a r  a sound 
t h a t  i t  i s  ignored by t h e  miner. Th is  form o f  
communication can be rendered dys func t iona l  when t h e  
w i r e  i s  severed by rock  f a l l s ,  f i r e ,  o r  explos ion.  
UHF r a d i o  and v i s u a l  alarms r e q u i r e  l i n e - o f - s i g h t  
f o r  s igna l  recep t ion  and miners i n  remote p a r t s  o f  t h e  
mine w i l l  n o t  be made aware o f  the  warning s i g n a l .  MF 
r a d i o  r e q u i r e s  an extens ive e l e c t r i c a l  conductor 
system f o r  s igna l  t ransmiss ion [3].  I n  mode~n mines 
where d i e s e l  equipment i s  used, conductors such as 
power, a i r ,  and water 1 ines  might  be absent, and t h e  
cos t  o f  i n s t a l l i n g  w i r e  conductors throughout the  mine 
f o r  MF r a d i o  would be very c o s t l y .  F ig .  1. F i r e  warning system t r a n s m i t t e r .  
d r i v e s  a  l a r g e  loop  antenna ( f i g .  2 ) .  The l e s s  a t  h igher  frequencies. Fur ther  research i s  
e lect romagnet ic  f i e l d  generated by the  l a r g e  loop  needed t o  determine t h e  optimum opera t ing  frequency 
antenna penetrates t h e  mine r o c k  t o  underground f o r  t h e  warning system. 
workings where miners equipped w i t h  m ic ro - rece ive rs  
mounted i n  and powered by t h e i r  cap lamp b a t t e r i e s  are I n  order  t o  f u r t h e r  reduce t h e  e f fec ts  of e l e c t r i c a l  
made aware o f  the  f i r e  warning when the  s igna l  i n -  no ise  on the  system t h e  low frequency warning s igna l  
i t i a t e s  a  b l i n k i n g  o f  t h e i r  cap lamps ( f i g .  3) .  can be encoded t o  d i s c r i m i n a t e  between t h e  ac tua l  
s igna l  and noise sources. The Bureau developed system 
uses a  pu lse  modulat ion technique t o  e l  im ina te  fa1 se 
t r i g g e r i n g  o f  t h e  system. Th is  t ype  o f  modulat ion 
swi tches t h e  s igna l  between on and o f f  s ta tes  a t  
predetermined i n t e r v a l s .  The p ro to type  system uses a  
s i g n a l  modulated a t  1  Hz ( t h e  s igna l  i s  on f o r  one- 
h a l f  second and o f f  f o r  one-ha l f  second). To f u r t h e r  
i n s u r e  against  fa1 se a1 arms, the r e c e i v e r  must rece ive  
f o u r  consecut ive cyc les  o f  t h e  modulated s igna l  be fo re  
t h e  system recognizes i t  as a  v a l i d  warning s i g n a l .  
- .
Although the  r e c e n t l y  developed r e c e i v e r  c i r c u i t  
operates on a  630 Hz frequency, o ther  ULF f requencies 
may be s u i t a b l e  f o r  a  s p e c i f i c  mine. The s e l e c t i o n  o f  
t h e  optimum t ransmiss ion frequency would be based on 
f o u r  bas ic  c r i t e r i a :  1) the  ULF e lect romagnet ic  no ise 
spectrum o f  t h e  underground mine, 2) maximum r e q u i r e d  
s i g n a l  t ransmiss ion d is tance,  3)  the  e l e c t r i c a l  
p r o p e r t i e s  o f  t h e  mine rock  through which the  s igna l  
must pass, and 4 )  cos t  o f  t h e  requ i red  f i r e  warning 
system components. 
Choosing a  frequency where the  ambient e l e c t r o -  
magnetic no ise l e v e l  i s  a t  a  minimum would be 
e s s e n t i a l  i n  maximizing t h e  s i g n a l - t o - n o i s e  r a t i o  o f  
4 . - -  t h e  system, an impor tant  cons idera t ion  i n  des igning an 
, *. . e f f e c t i v e  warning system. The t ransmiss ion frequency 
would a lso  have t o  be se lected so t h a t  the  through-  
the -ear th  s igna l  t ransmiss ion d is tance  i s  maximized 
w h i l e  a m p l i f i e r  and antenna costs  are minimized. The 
optimum frequency se lected would maximize t h e  s i g n a l -  
t o - n o i s e  r a t i o  o f  the  system w h i l e  opera t ing  w i t h i n  
t h e  c o n s t r a i n t s  o f  the  power a m p l i f i e r  and antenna. 
A. Receiver 
F i g .  3. F i r s t  generat ion ULF r e c e i v e r .  
I n  i n i t i a l  t r i a l  t e s t s  o f  t h e  f i r e  warning system a  
t ransmiss ion frequency o f  1950 Hz was used, however a  
t ransmiss ion  frequency o f  630 Hz was u l t i m a t e l y  chosen 
because i t  i s  low enough t o  more e a s i l y  penetrate 
overburden, w h i l e  s t i l l  opera t ing  w i t h i n  c o n s t r a i n t s  
o f  our power a m p l i f i e r  and loop  antenna system. Since 
630 Hz l i e s  between t h e  t e n t h  and e leventh harmonics 
o f  t h e  standard 60 Hz power l i n e  frequency used i n  t h e  
Un i ted  States, i t  a lso  o f f e r s  some immunity t o  
e l e c t r i c a l  noise, a l though t h e  ambient no ise  l e v e l  i s  
I n  order  t o  de tec t  the  t r a n s m i t t e d  s igna l  and warn 
t h e  miner o f  a  poss ib le  emergency the  Bureau has 
developed a  p ro to type  r e c e i v e r  c i r c u i t  which w i l l  
e v e n t u a l l y  be i n t e g r a t e d  i n t o  the  miners cap lamp 
b a t t e r y  u n i t .  The system w i l l  de tec t  t h e  pulse 
modulated s igna l  from the  t r a n s m i t t i n g  system and 
f l a s h  t h e  cap lamp u n t i l  t h e  miner acknowledges the  
warning and r e t u r n s  the  lamp t o  normal opera t ion .  
The r e c e i v e r  c i r c u i t  cons is ts  o f  f o u r  major 
sec t ions :  1) the  r e c e i v i n g  antenna, 2) t h e  a m p l i f i e r ,  
3) t h e  phase-locked-loop de tec t ion  system, and 4) the  
cap lamp f l a s h i n g  system. Each s e c t i o n  i s  descr ibed 
i n  d e t a i l  below. 
The r e c e i v i n s  antenna cons is ts  o f  a  17 cm (7 i nch )  
long  and 0.635"cm (1/4 inch)  diameter f e r r i t e  co re  
wrapped w i t h  severa l  hundred tu rns  o f  #30 AWG enameled 
copper w i r e .  The r e c e i v e r  antenna, i s  c a p a c i t i v e l y  
c o u ~ l e d  t o  t h e  i n ~ u t  ransformer o f  t h e  r e c e i v e r  and 
tuned t o  operate a t  the  630 Hz resonant frequency. 
The t ransformer steps up the  vo l tage  by a  f a c t o r  o f  
ten,  a f t e r  which a  s e l e c t i v e  bandpass a m p l i f i e r  
f i l t e r s  t h e  received s igna l  and d r i v e s  two g a i n  stages 
designed t o  amp l i f y  the  f i l t e r e d  s igna l  t o  t h e  des i red  
l e v e l  f o r  d e t e c t i o n  by t h e  phase-locked-loop (PLL) 
d e t e c t o r  c i r c u i t r y .  The p ro to type  r e c e i v e r  has the  
amp1 i f i e d  s igna l  fed  t o  a  p a i r  o f  PLL s igna l  
de tec to rs .  The f i r s t  PLL de tec ts  the  630 Hz c a r r i e r  
s i g n a l .  The output  o f  t h e  f i r s t  PLL d r i v e s  t h e  i n p u t  
o f  a  second PLL f o r  d e t e c t i o n  o f  t h e  1 Hz modulat ion 
frequency. Four cyc les o f  t h e  1 Hz modulated s igna l  
must be received by the counter before the system 
recognizes it as a valid warning and activates the cap 
lamp flasher to warn the miner of an emergency. A 
reset button allows the miner to acknowledge the 
warning and return the cap lamp to its normal 
operation. Additional PLL stages could be added to 
provide mu1 tip1 e warning signals or digital data 
transmission capabilities if desired. 
B. Transmitter 
The Bureau's prototype ultra-low frequency 
transmitter for encoding signals consists of a pair of 
signal generators, a power amplifier, a transformer, 
and loop antenna. The primary signal source generates 
a 630 Hz sine wave output that is triggered by the 
second signal source operating at the 1 Hz modulation 
frequency. The output of the primary signal source 
feeds the input section of the 1000 watt audio 
frequency range power ampl i f i er . 
In order to provide the maximum power to the multi- 
turn loop antenna a set of matching capacitors is used 
to cancel the effect of the antenna's inductive 
reactance on the system. By measuring the inductance 
of the loop antenna using a inductance meter, the 
capacitance value needed to maximize power transfer 
can be obtained from the following formula: 
where f = frequency, Hz, 
L = antenna inductance, Henries (H), and 
C = matching capacitance in Farads (F). 
After selecting the approximate series capacitance 
required to tune the antenna, the system is fine tuned 
to the resonant frequency by adding or removing 
capacitors as necessary. The use of a transformer to 
match impedance of the transmitting antenna to that of 
the amplifier can improve efficiency of the system 
when the impedance of the large transmitting antenna 
is higher than the optimum output impedance of the 
ampl ifier. 
111. INITIAL FIELD TEST RESULTS 
Initial field tests of the electromagnetic fire 
alarm system were made at a local Minneapolis 
sandstone mine which had 15 m of overburden made up of 
sandstone, limestone, and glacial till. The 
transmitter and a 30 m diameter six-turn loop 
transmitting antenna were located on the surface and 
the receiver unit was carried underground. For the 
initial tests, an 8 ohm speaker was used in 
conjunction with an audio frequency receiver to allow 
the operator to hear a continuous tone signal. The 
first tests were made at low power levels (2 w). The 
signal was received through about 15 m of overburden 
with an area of reception about 10 times the area of 
the transmitting loop antenna. The results of this 
first test were encouraging enough to justify 
additional field tests of the system. 
A second series of tests was made in the 
Tower-Soudan underground iron mine located in northern 
Minnesota. Unlike the first test, the transmitting 
antenna was placed underground in a stope above the 
27th level drift, located 762 m from the main shaft. 
The transmitting antenna was made up of 10 turns of 
#10 copper wire formed into a 30 m diameter loop. The 
transmitter (fig. 1 ) and receiver (fig. 3) were used 
in the tests. 
It is possible to establish the current generated in 
a ferrite core receiving antenna by measuring the 
voltage across its leads. This was done while the 
receiving unit was placed at the center of the 
transmitting loop antenna. It was established that 
the ratio of the power in the receiving antenna to the 
power in the transmitting antenna, in decibels, was a 
constant value regardless of the transmitting power 
levels, provided distance between antennas was 
constant. 
Receiving antenna power levels were then established 
at various points throughout the mine at various 
transmission power levels. The ratio of the power 
level in the receiving antenna to the power level in 
the transmitting antenna, in decibel loss, is the 
basis for establishing power loss at various 
distances. The results of these measurements are 
shown in figure 4 and indicates that the through-the- 
rock electromagnetic signal decays with distance in a 
manner similar to an inverse cubic function. The 
graph also indicates maximum signal reception through 
rock at this mine site was in excess of 762 m. 
Maximum transmitter power level was 53.3 w. 
Distance from Transmitter (M) 
Fig. 4. Graph of signal attenuation at various 
distances. 
Another in-mine test of the electromagnetic fire 
alarm system was conducted at a mine near Ogdensburg, 
NJ. A 10-turn, 30-m-diam transmitting antenna was 
positioned at two different locations on the surface. 
At one site the antenna was positioned on overburden 
of water saturated saprolite (a claylike residuum of 
limestone dissolution). At the other site, the 
antenna was positioned on marble (fig. 2). For this 
test a hand held 30-cm-diam 500-turn loop antenna was 
used to measure the magnetic field strength at depth. 
The measured magnetic field strength at depth was 
compared with the theoretical (free space) value of 
magnetic field strength at depth. The ratio of the 
two values of field strength permitted determination 
of the attenuation constant. When compared, it was 
determined that the marble had lower attenuation 
characteristics than saprolite and was correspondingly 
more transparent to electromagnetic waves. 
Tests at the mine and the two sites in Minnesota 
were conducted at a carrier wave frequency of 1950 Hz. 
Theory predicts that if lower values of frequency are 
used, the signal attenuation will be less, because 
skin depth of the signal (the depth at which the 
signal equals l/e or 36 pct of its original value) is 
inversely proportional to both frequency and 
conductivity as shown by the following equation: 
2 112 
Sk in  depth (m) = 6 = ( - - - - - )  
wlra 
where w i s  2n x  f (frequency), and a  i s  c o n d u c t i v i t y .  
I f  p i s  assumed t o  be 471 * lo - '  H/m f o r  a  nonmagnetic 
m a t e r i a l  t h i s  equat ion can be reduced t o  t h e  
f o l l o w i n g :  
503.3 
Sk in  depth (m) = - - - - - - -  
( f a )  I" 
Through measurement, and f u r t h e r  c a l c u l a t i o n s  t h e  
va lue o f  a  can be establ ished.  The two types o f  
overburden a t  t h e  mine ha$ values o f  c o n d u c t i v i t y  
s l i g h t l y  g r e a t e r  than 10- mhos/m, which i s  a  va lue 
g r e a t e r  than  t h e  va lue o f  c o n d u c t i v i t y  f o r  most mine 
rock ) .  A  h i g h - c o n d u c t i v i t y  m a t e r i a l  r e t a r d s  
p e n e t r a t i o n  by an e lect romagnet ic  f i e l d ,  b u t  s ince  t h e  
s i g n a l  was s t i l l  de tec tab le  on t h e  563-m l e v e l ,  t h e  
t e s t s  suggest t h a t  through- the-rock s i g n a l i n g  i s  a  
v i a b l e  means o f  warning miners o f  t h e  presence o f  a  
mine f i r e ,  and t h a t  t h e  system i s  l i k e l y  t o  f u n c t i o n  
w e l l  i n  a  g r e a t  many mines. 
As s t a t e d  above e lect romagnet ic  theory  p r e d i c t s  t h a t  
t h e  e lect romagnet ic  wave s k i n  depth i s  g r e a t e r  a t  
l ower  f requencies.  Therefore, mines t h a t  were known 
t o  present  problems associated w i t h  h igh  c o n d u c t i v i t y  
overburden, were chosen as t e s t s  s i t e s  s u i t a b l e  f o r  
de te rmin ing  i f  lower  frequency s igna ls  penetrated more 
e f f e c t i v e l y .  Therea f te r  more recen t  t e s t s  were made 
us ing  a  frequency o f  630 Hz ins tead  o f  t h e  1950 Hz 
frequency used i n  e a r l i e r  t e s t s .  
IV.  RECENT FIELD TESTS RESULTS 
The f o l l o w i n g  f i e l d  t e s t s  o f  t h e  e lect romagnet ic  
f i r e  warning system were made us ing t h e  h igh  g a i n  
r e c e i v e r s  (6000 and 12000 ga in )  t h a t  can be equipped 
w i t h  phase l o c k  loops f o r  r e c e i v i n g  pulse modulated 
630 Hz s igna ls .  For ga ther ing  t e s t  data on EM s i g n a l -  
t o - n o i s e  r a t i o s ,  a  vo l tmete r  o r  p o r t a b l e  o s c i l l o s c o p e  
were used t o  mon i to r  vo l tage  ou tpu t  o f  t h e  r e c e i v e r  
c i r c u i t .  
Tests  o f  t h e  e lect romagnet ic  f i r e  a larm system were 
made a t  two Louis iana s a l t  mines where the  overburden 
was known t o  be made up o f  s a l t  water sa tu ra ted  e a r t h  
m a t e r i a l .  The h i g h l y  conduct ive overburden i s  
b e l i e v e d  t o  present  a  most d i f f i c u l t  c o n d i t i o n  f o r  
e lect romagnet ic  s igna l  t ransmiss ion,  and t h i s  proved 
t o  be t r u e  even a t  a  t h e  lower  t ransmiss ion  frequency 
o f  630 Hz. 
The t r a n s m i t t e r  and 93 m diameter loop  antenna o f  12 
t u r n s  was deployed on t h e  sur face above the  workings 
o f  t h e  f i r s t  mine ( f i g .  5 ) .  The t r a n s m i t t e d  
e lect romagnet ic  s igna l  pulsed on /o f f  f o r  30 second 
i n t e r v a l s  penetrated t o  the  365 m l e v e l  and was 
rece ived  a t  s i t e s  i n  the  mine which i n d i c a t e  t h a t  f u l l  
mine s i g n a l  coverage o f  the  f i r e  warning s igna l  was 
poss ib le .  I n  reaching t o  t h e  365 m l e v e l  t h e  s i g n a l  
passed through two l e v e l s  o f  t h e  mine i n  which t h e  
Department o f  Energy had s to red  95 m i l l i o n  g a l l o n s  o f  
petroleum, and a l s o  through 45 m o f  s a l t  water  
s a t u r a t e d  overburden and 320 m o f  cap rock  and rock  
s a l t .  
Fig. 5. Cross sec t ion  o f  f i r s t  s a l t  mine. 
Test  cond i t i ons  a t  t h e  second mine which has 260 m 
o f  s a l t  water saturated overburden made sur face t o  i n -  
mine s igna l  t ransmiss ion more d i f f i c u l t .  With the  
antenna and t r a n s m i t t e r  placed on the  sur face,  s igna l  
r e c e p t i o n  was obta ined a t  the  426 m l e v e l  w i t h i n  t h e  
mine bu t  recep t ion  a t  s i t e s  underground i n d i c a t e  t h a t  
mine wide coverage was n o t  as complete ly  s a t i s f a c t o r y  
and t h e r e f o r e  underground deployment o f  t h e  t r a n s -  
m i t t e r  would l i k e l y  g i v e  more s a t i s f a c t o r y  system 
performance. When t h e  t r a n s m i t t i n g  antenna was placed 
underground around mine p i l l a r s  i n  f r e s h  a i r  near t h e  
sha f t ,  i t  was poss ib le  t o  t ransmi t  a  f i r e  warning 
s igna l  and rece ive  i t  a t  s i t e s  t h a t  i n d i c a t e  f u l l  mine 
coverage i s  f e a s i b l e .  A  t r a n s m i t t e r  power l e v e l  o f  
350 w was used i n  t e s t s  w i t h  the  t r a n s m i t t e r  p laced 
underground. The overburden e l e c t r i c a l  c o n d u c t i v i t y  
a t  t h e  s a l t  mines was t h e  g r e a t e s t  o f  mine r o c k  t e s t e d  
thus f a r ,  exceeding 1.5*10-' mhos/m making i t  t h e  
l e a s t  t ransparen t  t o  e lect romagnet ic  s i g n a l s  o f  any o f  
t h e  t e s t  s i t e s ,  however t h i s  problem can be overcome 
w i t h  increased t r a n s m i t t e r  power o r  w i t h  t h e  t r a n s -  
m i t t e r  antenna placed underground. 
A  gypsum mine i n  Iowa was a  s i t e  a t  which t e s t s  were 
made t o  determine the  e f f e c t s  o f  antenna design on t h e  
performance o f  t h e  f i r e  a larm system. Th is  mine has 
188 m o f  overburden made up o f  60 m o f  l imestone above 
t h e  gypsum o r e  body, 60 m o f  shale and about 60 m o f  
g l a c i a l  till. L i k e  the  s a l t  mines t h i s  was a  room and 
p i l l a r  mine and perhaps more t y p i c a l  o f  t h e  many room 
and p i l l a r  mines i n  t h e  Un i ted  States.  The mine 
under1 i e s  farm1 and and t o  simp1 i f y  t e s t  c o n d i t i o n s  t h e  
t r a n s m i t t e r  antenna was placed underground around mine 
p i l l a r s .  Two antennas were used t o  g a i n  i n f o r m a t i o n  
on e lect romagnet ic  s igna l  t ransmiss ion c h a r a c t e r i s t i c s  
as a  f u n c t i o n  o f  antenna design. One antenna was a  93 
m diameter loop  o f  12 turns,  t h e  o t h e r  48 m diameter 
loop  o f  8  t u r n s .  F i e l d  s t r e n g t h  meters were used t o  
evaluate r e c e p t i o n  on the  surface. E lect romagnet ic  
s igna l  t ransmiss ion from a  sur face t r a n s m i t t e r  and 
antenna would encounter the  same rock  s t r a t a  and 
t h e r e f o r e  approximate t h e  cond i t i ons  o f  t h e  t e s t .  
F i e l d  s t r e n g t h  measurements were made a t  s i t e s  on 
i n t e r s e c t i n g  su r face  roads o v e r l y i n g  t h e  mine. 
Reception a t  t h e  su r face  was good and t h e  e l e c t r o -  
magnetic s igna l  was de tec tab le  a t  over a  m i l e  away 
from t h e  cen te r  o f  t h e  underground t r a n s m i t t i n g  loop  
antenna. The l i m i t s  o f  t h e  sur face recep t ion  area had 
an e l l i p t i c a l  shape f o r  t ransmiss ion from both types 
o f  antennas. The major a x i s  o f  t h e  e l l i p s e s  i s  
thought t o  correspond t o  a  p r e f e r r e d  o r i e n t a t i o n  o f  
j o i n t s  i n  t h e  l imestone o v e r l y i n g  t h e  o re  body, 
because f l a t  surfaces which e x i s t  on mine p i l l a r s  have 
a similar east-northeast orientation in space. A 
procedure of transmitting from within the mine and 
measuring the electromagnetic field strength on the 
surface, may be a useful means of establishing 
preferred orientation of overburden joint systems. It 
is known that the energy of an electromagnetic signal 
may be somewhat attenuated in crossing an interface in 
rock, however the area encompassed by the limits of 
signal reception from the large transmitting antenna 
is great enough to provide full mine coverage of a 
fire warning signal if the transmitter and antenna 
were placed on the surface above the center of the 
mine. Two aquifers exist in this area of the overbur- 
den but signal reception was very good, due in part to 
the redesigned narrow bandwidth, high gain receivers 
used in the tests. 
The area of surface reception as determined from 
plotting of reception sites on a map (fig. 6) 
indicates that the reception area on the surface is 
directly proportional to the strength of the magnetic 
field emitted by the transmitter antenna. Test 
results indicate that a 12 turn antenna with a 
magnetic moment of 129*103 ATM' produced an area of 
reception of 2.3*106 mZ, while an 8 turn antenna with 
a magnetic moment of 60*lo3 ATM' produced an area of 
reception of 1.2*106 m2. These results indicate that 
when the magnetic moment is doubled, the area of 
reception on the surface is also doubled. As 
expected, the large antenna powered at 25 w produced 
an area (one square mile) of reception twice as great 
as the small antenna transmitting at 125 watts of 
power, since the magnetic moment of the loop antenna 
has more effect on the size of the reception area than 
does the magnitude of transmitter power expressed in 
watts. Again, the test results indicate that if the 
antenna were located on the surface of the ground 
above the center of the mine, full mine coverage by 
the fire warning signal could be achieved. The use of 
a transformer to match the impedance of transmitter 
and antenna could make it possible to achieve 90% 
efficiency of the transmitter system and produce a 
magnetic moment of .9*10"~~' which is about 4 times 
greater than the magnetic moment used in the above 
mentioned test. 
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Fig. 6. Map of reception limits at ypsum mine 
(1) Magnetic moment of 129*103 ATM yields 
2.3*106 m2 area of reception; 
(2) Magnetic moment of 60*lo3 ATM' yields 
1 .2*106 m2 area of reception. 
V. CONCLUSIONS 
A fire warning alarm system has been developed which 
functions by transmitting an encoded ultra-low 
frequency electromagnetic field through mine rock to 
underground workings where miners equipped with 
personal warning devices can receive the fire warning 
signal. A prototype of the system has been success- 
fully tested at two underground metal mines, two salt 
mines and one gypsum mine. The signal transmission 
distance achieved during these tests, was greater than 
1645 m through overburden at a gypsum mine. Since 90 
pct of the metal and nonmetal mines in the United 
States are less than 900 m deep, it is believed that 
the electromagnetic fire warning system described has 
the capacity to function well as a fire warning alarm 
system for most mines and could therefore find 
widespread use in the domestic mining industry. 
During field tests with more improved versions of the 
receiver units, full mine signal coverage was achieved 
at three of the mines. With improved equipment 
designs and proper transmitting antenna design and 
placement, it is reasonable to assume that the 
electromagnetic fire warning system could be capable 
of instantly warning miners in remote parts of a mine 
at distances of over a mile from the transmitting 
antenna and serve to alert them to the existence of a 
mine fire. 
The use of pulse modulation detection circuitry in 
the receiver allows it to reject all electromagnetic 
noise and false alarms and act only on the pulse 
modulated 630 Hz fire warning signal ; only when a 
series of four 1 Hz pulses are passed to the counter 
will the flasher activate the blinking of the cap lamp 
which signifies a fire warning. 
The Bureau of Mines has filed patent applications on 
this invention and is actively promoting commercial 
development of the system for in-mine use. It is 
planned that a prototype system will soon be installed 
in a mine and refinements in system operation 
finalized and the system made commercially available. 
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